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Electromagnetic  interference/radk)  frequency 
interference  (EMI/RFI)  power-line  filters  are 
widely  used  in  the  Army  for  filtering  unwanted 
signals  on  power  lines  serving  sensitive  equip¬ 
ment,  particularly  computers  and  communication 
gear.  Typically,  these  loads  are  highly  nonlinear 
and  cause  severe  hanrwnic  loading  on  the  filters. 
Harmonics  cause  filter  failure  and  shortened  filter 
lifetimes.  The  objective  of  this  research  was  to 
quantify  the  effects  of  harmonics  and  nonlinear 
loads  on  EMI/RFI  filters  and  to  recommend  a  de¬ 
rating  factor  for  EMI/RFI  filters  in  nonlinear  load 
applications. 

EMI/RFI  filters  were  purchased  and  placed  in  an 
experimental  apparatus  with  a  known  source  of 
harmonics.  The  filters  were  instrumented,  and 
temperature  data  was  recorded.  A  mathematical 
model  of  the  filters  was  developed,  and  simula¬ 
tions  were  performed  to  predict  filter  failure. 

The  results  of  the  research  indicate  that  filter 
ampacity  should  be  derated  by  50  percent  for 
filters  that  are  being  specified  for  nonlinear 
loading  applications. 
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EFFECTS  OF  HARMONICS  ON  EMI/RFI  FII.TERS  OPERATING 
UNDER  NONLINEAR  LOADING  CONDITIONS 


1  INTRODUCTION 


Background 

Eleclromagnetic  interference/radio  frequency  interference  (EMI/RFI)  power-line  fillers  are  widely 
used  in  the  Army  for  filtering  unwanted  signals  on  power  lines  serving  sensitive  equipment,  particularly 
computers  and  communication  gear.  Typically,  these  loads  are  highly  nonlinear  and  cause  severe 
harmonic  loading  on  the  filters. 

Harmonics  are  related  to  nonsinusoidal  voltage  or  currents  in  the  electrical  distribution  system. 
These  harmonics,  instead  of  occurring  at  the  normal  power-line  frequency,  are  at  integer  multiples  of  line 
frequency  (the  fundamental  frequency).  In  general,  any  nonlinear  load  is  a  source  of  current  harmonics. 
These  loads  are  generally  characterized  as  “active"  loads,  as  opposed  to  “passive”  loads.  Common  sources 
of  harmonics  include  switching-mode  power  supplies  (SMPSs),  adjustable-speed  drives  (ASDs), 
uninterruptable  power  supplies  (UPSs),  and  fluorescent  lighting.  Harmonics  are  responsible  for  a  wide 
variety  of  problems  in  the  distribution  system,  including  (1)  excessive  currents  and  voltages  in  the  neutral 
wire,  (2)  overheating  of  transformers,  motors,  and  circuit  breakers,  and  (.^)  failure  of  EMI/RFI  filters. 

EMI/RFI  filters  are  used  to  control  interference  produced  by  radar,  computers,  radio  transmitters  and 
receivers,  and  by  such  electrical  equipment  as  motors,  generators,  and  switches.  For  example,  undesired 
high  frequency-signals  could  interfere  with  analog  telephone  circuitry.  Other  applications  cited  by  filter 
manufacturers  are  related  to  preventing  high-frequency  interference  troubles  in  electronic  circuitry  on 
helicopters  and  cruise  ships.  In  other  cases,  filters  are  “designed  to  prevent  undesired  emanation  of 
intelligence  from  secure  communication  installations  by  conducted  or  radiated  RF  eneigy.”  Typical  appli¬ 
cation  areas  for  these  filters  are  locations  where  highly  confidential  information  is  processed  by  electronic 
means.  The  EMI/RFI  filters  help  to  ensure  that  no  restricted  information  can  leave  the  location  in 
question. 

These  filters  are  not  designed  to  filter  the  harmonic  voltages  and  currents  that  are  present  to  some 
extent  in  most  distribution  systems.  Rather,  they  are  designed  to  shunt  high-frequency  signals  safely  to 
ground.  Nevertheless,  such  harmonic  signals  may  interact  with  the  fillers  and  to  produce  undesirable 
results.  One  example  of  this  was  the  excessive  ground-to-neutral  voltage  found  in  the  Defense  Intelligence 
Agency  Building  3100.  This  problem  is  discussed  in  U.S.  Army  Engineering  and  Housing  Support  Center 
(USAEHSC)  Report  E-90033  (1990).  To  summarize  that  ca.se,  EMl/RFl  filters  were  installed  in  the  3- 
phase  wires  and  the  neutral  wire  of  a  3-phase,  4-wire  system  that  .served  Building  31(X).  The  series 
impedance  of  the  filters  was  relatively  large,  and  any  neutral  current  flowing  in  the  neutral  filter  caused 
an  excessively  large  voltage  drop  between  the  neutral  wire  and  the  ground.  The  neutral  current  was 
primarily  due  to  third-harmonic  currents  associated  with  nonlinear  loading.  TTie  problem  was  eliminated 
by  redesigning  the  neutral  filter  so  that  it  had  an  acceptably  low  series  impedance. 


7 


Objective 


The  objective  of  this  study  was  to  quantify  the  effects  of  hannonics  on  EMI/RFI  filters.  This 
information  was  to  be  applied  in  the  selection  of  an  appropriate  derating  factor  for  EMI/RFI  filters 
operating  under  nonlinear  loading  conditions. 


Approach 

Literature  and  experts  in  harmonics  were  consulted  regarding  derating  factors.  EMI/RFI  filters  and 
a  harmonics  source  were  obtained,  and  experiments  were  performed  to  measure  currents,  voltages,  power 
loss,  and  temperature  rise  in  the  filters.  Measurements  were  taken  on  the  filters,  and  models  were 
constructed  to  simulate  the  filters  under  harmonics  loading  conditions.  While  the  literature  search  and 
consultations  with  experts  supported  the  conclusions  obtained  by  the  experiment  and  theory,  these  are  not 
discussed  at  length  in  this  report,  but  are  referenced  where  appropriate. 


Mode  of  Technology  Transfer 

The  methodology  developed  in  this  report  should  be  communicated  to  the  field  in  a  Technical  Note. 
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2  HARMONICS 


Background 

Any  nonsinusoidal  periodic  voltage  or  current  signal  on  the  power  line  is  an  indication  that 
harmonics  are  present.  Harmonics  are  not  noise  or  random  signals.  They  are  reproducible  signals  caused 
by  equipment  on  the  distribution  system.  Any  periodic,  nonsinusoidal  voltage  or  current  has  harmonics 
in  it.  These  harmonics,  mstead  of  being  at  the  normal  power-line  frequency,  are  at  integer  multiples  of 
line  frequency,  which  is  called  the  fundamental  frequency.  Harmonics  are  identified  by  a  number 
indicating  their  multiple  of  the  fundamental  frequency.  For  example,  the  term  "third  harmonic"  indicates 
a  signal  with  a  frequency  of  three  times  the  power-line  frequency  (180  Hz  in  the  U.S.,  150  Hz  in  Europe). 
To  comprehend  how  a  60-Hz  signal  can  be  said  to  contain  x  percent  of  fifth  harmonic,  an  understanding 
of  the  concepts  behind  Fourier  analysis  is  necessary.  The  basic  idea  is  that  any  periodic  signal  can  be 
decomposed  into  a  summation  of  pure  sine  waves  whose  frequencies  are  integer  multiples  of  the 
fundamental  frequency. 

In  mathematical  terms,  if  f(t}  is  some  periodic  function  with  period  T  and  frequency: 

CO  =  -Z-,  then  [Eq  1] 

2k 


f(t)  =  sin  (ncor  -  0„)  2] 

n=0 


with  a  coefficient  and  Aq  representing  the  dc  component  in  the  signal.  9„  is  a  phase  angle  between  the 
various  components.  A  common  convention  is  that  0j  =  0,  that  is,  the  reference  for  phase  equals  zero  is 
fundamental.  The  resulting  summation  is  called  the  Fourier  series  decomposition  of  the  signal  fit). 
Although  the  summation  runs  from  zero  to  infinity,  in  practice  the  zero‘d  term  (which  represents  a  dc 
offset)  is  generally  equal  to  zero,  and  for  most  signals,  only  a  few  terms  are  needed  to  accurately  represent 
/(/).  The  technique  of  determining  the  coefficients  A„,  given  the  signal  fit),  is  called  Fourier  analysis. 
Fortunately,  many  computer  programs  and  metering  instruments  will  perform  that  task.  Simple  example 
of  Fourier  decomposition  of  a  signal  is  to  apply  the  technique  to  a  square  wave,  obtaining  the  following 
formulas  for  the  Fourier  series: 


=  _1_  for  n  odd  [Eq  3) 

nil 

and: 

A„  =  0  for  n  even  [Eq  4] 


Note  that  all  the  even  harmonics  are  identically  equal  to  zero.  This  is  a  general  property  of  most  signals 
found  in  power  systems.  The  first  term,  Aj,  is  the  fundamental  (or  60-Hz)  term.  Figure  1  shows  the 
summation  for  the  first  30  terms  in  the  Fourier  series.  Note  how  well  it  reproduces  the  original  sc|uare 
wave.  For  most  power-system  signals  and  problems,  the  first  30  harmonics  are  more  than  adequate  to 
represent  a  waveform.  This  breakdown  is  often  referred  to  as  the  frequency  spectrum  of  the  signal. 
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Figure  1.  Summation  of  the  First  30  Terms  in  the  Fourier  Decomposition  of  a  Square  Wave. 


Several  conventions  exist  for  measuring  haimonics.  In  the  U.S.,  levels  of  harmonics  are  usually 
described  in  terms  of  percentages  of  the  fundamental  (60-Hz)  component.  Thus,  a  waveform  with  over 
100  percent  of  third  hanmonic  is  possible.  This  conu-asts  with  the  European  convention  of  giving 
amplitudes  as  percentages  of  the  root  mean  square  (rms)  voltage.  Total  harmonic  distortion  (THD)  is 
obtained  by  squaring  the  amplitudes  of  each  harmonic  component  (except  the  fundamental),  summing  the 
squares  then  taking  the  square  root  of  the  sum  and  dividing  by  the  amplitude  of  the  fundamental.  Or, 
equivalently; 


lEq5] 


(Again,  the  European  convention  is  to  normalize  by  dividing  by  the  rms  voltage,  not  the  voltage  of  the 
fundamental.)  Another  measure  of  total  harmonics  is  given  by  total  demand  distortion  (TDD).  TDD  is 
defined  by  [EEE-5I9  as: 


|Eq6| 


Another  important  consideration  of  harmonics  for  three-phase  circuits  is  the  concept  of  positive, 
negative,  and  zero  sequence  harmonics.  If  the  currents  in  each  phase  at  the  fundamental  frequency  form 
a  positive  sequence,  the  second  harmonic  consists  of  tKgative  sequence  currents.  This  reversal  of  phase 
sequence  leads  in  motors  to  torques  that  operate  in  the  reverse  direction,  this  decreases  efficiency  and  leads 
to  motor  overheating.  The  third  harmonic  is  then  a  zero  sequence,  and  in  this  case,  the  currents  in  the 
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neutral  line  add  together  rather  than  cancel  out.  This  pattern  of  positive,  negative,  and  zero  sequence  is 
repeated  for  higher  harmonics;  the  fourth  harmonic  is  a  positive  sequence,  the  fifth  negative,  the  sixth 
zero,  the  seventh  positive,  and  so  on. 


Sources 

In  general,  any  nonlinear  load  is  a  source  of  current  harmonics.  A  nonlinear  load  is  one  with  an 
impedance  that  is  not  constant  but  is,  instead  a  function  of  the  applied  voltage.  These  loads  are  generally 
characterized  as  “active”  loads.  (“Passive”  loads  include  resistors,  capacitors,  and  inductors.)  For 
example,  if  a  resistor  is  connected  to  an  ac  voltage,  the  current  will  be  equal  to  V/R.  Therefore,  for  a 
60-Hz  sine  wave  voltage  source,  the  current  will  also  be  an  undistorted  60-Hz  sine  wave.  Likewise, 
while  inductors  or  capacitors  induce  a  phase  shift  between  voltage  and  current,  the  current  waveform  is 
still  a  pure  sine  wave.  In  contrast,  consider  the  circuit  in  Figure  2,  which  is  a  diode  in  series  with  a 
resistor.  For  a  sinusoidal  applied  voltage,  the  corresponding  current  is  shown  in  Figure  3.  For  half  of 
the  ac  cycle,  the  diode  is  conducting  and  the  current  is  simply  given  by  V/R.  For  the  other  half  of  the 
cycle,  the  diode  is  not  conducting  and  the  current  is  zero.  The  resulting  waveform  is  highly  nonsinusoidal 
and  contains  large  amounts  of  harmonics. 

Nonlinear  loads  have  nonsinusoidal  current  demands,  and  they  are  a  source  of  current  harmonics. 
Voltage  harmonics  are  produced  by  the  interaction  of  current  harmonics  and  the  rest  of  the  distribution 
system.  As  the  distorted  currents  flow  through  components  of  the  distribution  system,  a  voltage  drop  will 
occur  across  the  components.  This  voltage  drop  will  be  distorted  due  to  the  current  distortion.  Therefore, 
other  loads  in  the  system  will  see  a  voltage  waveform  consisting  of  a  60-Hz  sine  wave  with  this  voltage 
distortion  added  in. 


Figure  2.  Simple  Nonlinear  Circuit. 


II 


In  general,  harmonic  currents  can  damage  elements  of  the  distribution  system.  Although  one  load 
is  not  necessarily  damaged  because  another  load  is  a  source  of  harmonic  current  distortion,  if  the  currents 
are  large  enough  and  the  impedance  of  the  distribution  system  is  high  enough,  harmonic  voltages  will  be 
generated  that  can  degrade  loads  elsewhere  in  the  system. 

An  important  source  of  harmonics  are  switching-mode  power  supplies  (SMPSs),  common  in  personal 
computers  and  many  other  types  of  electronic  equipment.  They  function  by  rectilying  the  ac  input  into 
a  dc  voltage  and  using  a  large-value  capacitor  to  filter  this  voltage.  This  voltage  is  then  fed  to  a  high- 
frequency  dc-to-ac  invertor  and  regulator.  The  resulting  ac  is  then  stepped  down  in  voltage  by  the  trans¬ 
former  and  again  rectified  to  produce  the  dc  output.  The  harmonics  are  due  to  the  behavior  of  the  input 
rectifier  and  capacitor.  As  long  as  the  voltage  on  the  capacitor  due  to  its  own  charge  exceeds  the  ac  input 
voltage,  the  power  supply  draws  no  current;  this  is  the  high  impedance  state.  Near  the  peak  of  the  ac 
input,  when  the  input  voltage  exceeds  the  voltage  on  the  dc  bus,  current  flows  through  the  rectifier, 
charging  the  capacitor,  this  is  the  low  impedance  state.  Given  the  large  value  of  the  capacitor,  this  current 
can  be  quite  high.  The  result  is  a  current  waveform  that  is  zero  except  near  the  peak  of  the  applied 
voltage,  where  the  current  rapidly  rises  to  a  large  peak  value  and  returns  to  zero.  This  current  waveform 
is  rich  in  third  harmonics. 

Harmonics  are  also  caused  by  Uninterruptible  Power  Supplies  (UPSs).  Although  they  provide 
reasonably  clean  power  to  their  loads,  they  produce  hannonics  on  the  line  side.  There  are  two  basic  types 
of  solid-state  UPS  systems,  the  “off-line”  type  and  the  “on-line"  typie.  The  off-line  type  has  a  battery 


Figure  3.  Current  Flow  in  Simple  Nonlinear  Circuit. 
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charger,  an  invertor  to  generate  ac  from  the  dc  (from  the  battery),  and  a  circuit  to  detect  power  failure  and 
switch  in  the  battery  powered  invertor.  This  type  of  UPS  generally  has  a  short  time  between  failure  of 
the  ac  supply  and  activation  of  the  battery  backup,  so  it  is  not  normally  used  in  critical  ^pl'cations  where 
even  a  very  short  outage  carmot  be  tolerated.  The  off-line  UPS  is  fairly  clean  in  terms  of  harmonics 
generation,  although  harmonics  from  its  load  may  still  be  present  on  the  line  side.  The  on-line  type  of 
UPS  rectifies  all  ac  input  to  dc  and  then  inverts  the  dc  back  to  ac,  with  a  battery  on  the  dc  bus.  If  ac 
power  is  lost,  the  battery  automatically  maintains  the  dc  bus  voltage  without  any  interruption  of  power 
to  semiconductor  devices  and  can  generate  a  great  deal  of  harmonics.  As  in  the  switching  power  supply, 
large  current  spikes  occur  when  the  rectifiers  switch  on. 

Finally,  adjustable-speed  drives  (ASDs)  can  be  a  major  source  of  harmonics,  particularly  with  the 
older  models.  Their  principle  of  operation  is  similar  to  the  UPS,  with  all  the  incoming  ac  rectified  to  dc 
and  then  inverted  back  to  ac  to  run  the  motor.  The  harmonics  are  generated  in  the  rectification  stage. 
An  added  complexity  is  that  the  motor-speed  control  is  frequently  achieved  by  varying  the  phase  angles 
of  the  input  rectifiers.  This  produces  a  different  waveform  and  different  harmonic  spectrum  at  different 
motor  speeds.  Another  source  of  harmonics  with  some  3-phase  ASDs  is  due  to  the  finite  switching  times 
of  the  solid-state  components  in  the  rectification  stage.  The  rectifiers  are  supposed  to  switch  off  when 
each  phase  component’s  voltage  crosses  the  zero;  Iwwever,  the  rectifiers  actually  remain  on  for  a  short 
time  after  the  zero  crossing.  During  this  time,  the  ASD  will  appear  as  a  short  circuit  across  the  phases, 
leading  to  extremely  large  current  demands.  These  current  spikes  cause  voltage  notching  on  the 
distribution  system.  Spikes  appear  in  the  voltage  profile  at  zero-crossing  points  for  other  phases  and 
always  lower  the  instantaneous  voltage  level. 

Table  1  gives  examples  of  current  and  voltage  harmonics  from  real-world  sources.  The  first  example 
is  a  standard  4  lamp  fluorescent  light  fixture  with  a  high  efficiency  ballast.  The  harmonic  content  is  not 
large,  with  mainly  some  third  and  fifth  harmonics.  Because  the  currents  are  so  small,  the  voltage 
harmonics  are  due  mainly  to  other  sources  on  the  distribution  system;  the  voltage  harmonics  remain 
roughly  constant  regardless  of  whether  the  lamp  is  on.  The  second  example  is  an  IBM  PC-AT  personal 
computer.  In  this  case,  the  SMP  in  the  computer  generates  a  great  deal  of  third,  fifth,  and  seventh 
harmonics.  The  voltage  harmonics  are  identical  to  those  measured  on  the  fluorescent  lamp.  In  the  third 
case,  a  spectrum  analysis  is  shown  for  one  phase  of  an  ABB  Parajust  3-phase  ASD. 


Measurement  and  Instrumentation 

Harmonics  can  be  difficult  to  detect,  particularly  without  proper  equipment.  One  aspect  of 
instrumentation  and  measurement  that  is  often  poorly  understood  concerns  the  differences  between  rms 
voltage  (V^g),  average  voltage  (V^^g),  peak  voltage  (V  the  form  factor,  and  the  crest  factor.  Peak 
voltage  is  the  voltage  at  the  peak  of  a  waveform,  or  170  for  a  120  sine  wave.  Average  voltage 
is  the  average  of  the  absolute  value  of  the  voltage  over  one  period,  or  108  for  a  120  sine  wave. 
The  root  mean  square  (rms)  voltage  is  obtained  by  squaring  the  waveform,  averaging  over  one  period,  and 
taking  the  square  root  or  the  result. 

Voltages  for  ac  waveforms  should  always  be  specified  in  terms  of  the  rms  voltage.  Relationships 
such  as  V=IR  (Ohm’s  law)  and  P=1V  (Watt’s  law)  are  only  valid  when  the  voltage  and  current  are  given 
in  terms  of  their  rms  values.  The  crest  factor  is  simply  the  ratio  of  to  and  the  form  factor  is 
the  ratio  of  to  V^^g.  For  pure  sine  waves,  the  crest  factor  is  equal  to  the  square  root  of  2  or  1.414, 
and  the  form  factor  is  equal  to  1.11.  For  nonsine  waves,  the  crest  factor  and  form  factor  depend  on  the 
exact  shape  of  the  waveform. 
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Table  1 


Harmonics  Measurements  for  Common  Equipment 


Fluorescent  Lamp 

IBM  PC-AT 

ABB  VSD 

Volts 

Amps 

Volts 

Amps 

Volts 

Amps 

Total 

120.0  V 

1.28  A 

120.0  V 

2.00  A 

282.6  V 

11.51  A 

Fundamental 

118.9  V 

1.28  A 

120.0  V 

1.41  A 

282.2  V 

6.66  A 

2nd 

0.25  % 

0.77  % 

0.25  % 

0.71  % 

0.04  % 

1.05  % 

3rd 

3.36  % 

6.15  % 

3.33  % 

82.27  % 

0.14  % 

7.65  % 

4th 

0.00% 

0.00% 

0.25  % 

0.71  % 

0.11  % 

3.90  % 

5th 

2.35  % 

6.15  % 

2.33  % 

53.19  % 

1.45  % 

84.26  % 

6th 

0.08  % 

0.00  % 

0.08  % 

0.00  % 

0.07  % 

7.50  % 

7th 

1.26  %$ 

0.00  % 

1.50% 

29.79  % 

0.96  % 

80.81  % 

8th 

0.08  % 

0.00% 

0.08  % 

0.00% 

0.04  % 

7.50  % 

9th 

0.42  % 

2.31  % 

0.42  % 

9.22  % 

0.14  % 

12.14  % 

10th 

0.08  % 

0.00% 

0.08  % 

0.00% 

0.00% 

3.60  % 

11th 

0.34  % 

0.00% 

0.33  % 

2.13  % 

0.50% 

47.83  % 

12th 

0.08  % 

0.00% 

0.08  % 

0.00% 

0.00  % 

6.00% 

13th 

0.34  % 

0.00% 

0.33  % 

4.96  % 

0.32  % 

46.18  % 

14th 

0.00  % 

0.00  % 

0.08  % 

0.00% 

0.03  % 

4.80% 

15th 

0.00  % 

0.00% 

0.33  % 

3.55  % 

0.07  % 

9.30  % 

16th 

0.00% 

0.00  % 

0.08  % 

0.00  % 

0.00  % 

1.20% 

17  th 

0.00  % 

0.00% 

0.25  % 

2.13  % 

0.43  % 

19.34  % 

18th 

0.00% 

0.00% 

0.08  % 

0.00% 

0.00% 

3.45 

19th 

0.08  % 

0.00% 

0.08  % 

1.42  % 

0.18  % 

16.94  % 

These  relationships  between  peak,  average,  and  nns  values  are  important  for  measurement.  This 
is  because  meters  that  do  not  give  true  rms  readings  will  give  incorrect  readings  when  harmonics  are 
present.  Most  common  meters  are  termed  “average  reading,  rms  calibrated."  This  means  they  physically 
measure  the  average  value  and  scale  it  by  an  assumed  form  factor  to  display  the  rms  value.  Since  the 
form  factor  depends  on  the  shape  of  the  waveform,  a  meter  of  this  type  wilt  give  incorrect  results  when 
used  on  a  nonsinusoidal  waveform,  that  is  on  one  with  harmonics  present.  For  example,  for  a  typical 
current  waveform  from  an  SMPS,  the  form  factor  is  approximately  1.9.  If  an  averaging  meter  reads  11.1 
for  this  waveform  (meaning  it  measured  10  and  used  a  form  factor  of  1.1 1),  the  correct  rms 
current  is  really  19  A^,,  (1.9  times  10  Ag„).  For  many  distorted  waveforms  encountered  in  power 
systems,  the  averaging  meter  will  yield  too  low  a  value  for  the  voltage  or  current.  Also,  many  meters 
lack  the  frequency  bandwidth  for  proper  measurements,  even  of  If  the  meter  can  only  make  accurate 


measurements  at  60  Hz  or  lower  frequencies,  it  will  tend  to  miss  the  contributions  of  the  higher 
harmonics,  causing  further  inaccuracies  in  measurement. 

For  these  reasons,  true  rms  meters  are  absolutely  essential  for  measuring  harmonics.  However,  even 
their  utility  is  limited;  they  do  not  give  any  infonnation  about  the  shape  of  the  wave  or  about  its  frequency 
spectrum.  A  harmonics  analyzer,  such  as  those  made  by  BMl  or  Dranetz  will  give  true  rms  measurements 
on  voltage,  current,  and  power.  Such  an  analyzer  will  also  give  the  total  harmonic  distortion  (THD)  and 
a  spectrum  analysis  of  the  waveform.  The  disadvantages  of  a  harmonics  analyzer  are  its  high  cost  (around 
$15, (XX)  vs  $300  for  a  true  rms  multimeter),  its  reliance  on  ac  power,  its  complexity,  and  its  size  (about 
that  of  a  small  suitcase). 


Effects 

Probably  the  most  widespread  hazards  due  to  harmonics  arc  excessive  currents  and  voltages  in  the 
neutral  wire  for  3-phase  systems.  Normally,  in  3-phase  systems,  the  loads  are  balanced  and  the  phase 
currents  sum  to  zero  in  the  neutral.  However,  with  harmonics  present,  the  currents  no  longer  sum  to  zero. 
In  particular,  for  the  third  harmonic  and  multiples  of  it.  the  currents  in  the  three  phases  are  additive.  In 
the  worst  case,  even  for  balanced  loads,  the  current  in  the  neutral  can  be  square  root  of  three  times  the 
current  in  one  of  the  phases.  This  is  a  worst  case,  but,  it  is  not  uncommon  to  find  neutral  currents 
greater  than  the  phase  current.  This  can  cause  significant  I^R  losses  in  the  neutral  wire  if  it  was  designed 
for  balanced  loads  and  not  to  carry  current.  EHSC  has  documented  cases  where  the  neutral  wire  showed 
high  current  as  a  result  of  excessive  harmonics. 

Harmonics  can  also  cause  overheating  in  transformers  and  circuit  breakers.  Many  of  the  losses  in 
a  transformer  are  frequency-dependent,  and  a  transformer  that  is  adequately  sized  to  carry  100  Amps  at 
60  Hz  may  overheat  and  fail  if  a  significant  amount  of  harmonics  are  present.  Magnetic  circuit  breakers 
can  show  similar  effects.  Evidence  also  shows  that  harmonics  can  cause  nuisance  tripping  of  breakers 
even  when  the  currents  are  low^premature  failure  in  power-factor  correction  capacitors,  and  inaccurate 
watt-hour  meter  registration.  Harmonics  can  also  cause  failure  of  EMl/RFI  filters  which  is  the  subject  of 
this  report. 
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3  EXPERIMENT 


Overview 


An  experiment  was  performed  using  a  heating/ventilation/air-condiuonmg  test  system  with  a  10-hp, 
3-Dhase,  480-V  induction  motor  driving  a  fan.  This  motor  could  be  controlled  by  using  an  ASD,  or  a 
switch  could  be  thrown  enabling  the  ASD  to  be  bypassed  and  allowing  the  motor  to  be  operated  with  no 
control.  The  ASD  is  a  rich  source  of  harmonics  (Figure  4).  By  monitonng  the  filter  with  md  withou 
the  ASD  operational,  a  detemiination  could  be  made  regarding  the  effects  of  harmonics  on  the  filter. 


Filter  Selection 

Although  EMI/RFI  filters  are  not  standard  in  power  systems,  they  can  be  purchased  from  several 
vendors,  including  ARK  Electronics,  Filtron,  TCI,  and  Hopkins  Engineering  (manufacturer  of  the  filters 
in  Building  31(X)).  These  filters  are  designed  to  have  a  given  attenuation  characteristic  over  a  certam 
range  of  frequencies.  When  the  attenuation  characteristic  is  known,  the  filter  is  chosen  accordi^  to  the 
required  load  current.  Most  filters  are  rated  for  line-to-line  applications  of  up  to  480  V.  The  tern 
“insertion  loss”  characterizes  the  efficacy  of  these  filters.  As  defined  in  the  relevant  standard  (MIL-STD- 
220A),  “the  insertion  loss  of  a  feed-through  suppression  capacitor  or  a  filter  connected  into  a  given 


Figure  4.  Current  Harmonics  From  ASD. 
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transmission  system  is  defined  as  the  ratio  of  voltages  appearing  across  the  line  immediately  beyond  the 
point  of  insertion,  before  and  after  insertion.”  This  is  usually  expressed  in  decibels  (dB).  Filter 
specifications  generally  include  a  plot  of  insertion  loss  over  a  range  of  test  frequencies.  MIL-STD-220A 
describes  a  test  procedure  that  should  be  applied  to  determine  the  insertion  loss  achieved  by  a  specific 
filter.  Filters  used  in  military  installations  are  tested  according  to  the  provisions  of  this  specification. 

A  foreword  to  MIL-STD-220A  issues  a  caveat  with  regard  to  this  standard.  The  test  conditions 
described  therein  specify  filter  performance  connected  to  a  source  with  a  50-ohm  input  impedance  and  a 
50-ohm  output  impedance.  The  source  and  load  impedances  seen  by  power  system  filters  will  not  be  the 
same  in  different  locations,  and  50  ohms  caimot  be  considered  a  typical  value.  It  is  certainly  possible  to 
design  a  filter  that  will  meet  specifications  when  tested  according  to  this  standard,  however  when  applied 
in  an  actual  power  system,  the  desired  characteristics  will  not  be  achieved. 

Preliminary  theoretical  modeling  of  EMI/RFI  filters  under  harmonic  loading  conditions  suggested 
that  different  filters  might  show  widely  different  responses  to  harmonics.  The  filters  used  for  EMI/RFI 
filtering  are  quite  simple  in  design,  but  the  very  nature  of  their  design  causes  problems  when  harmonics 
are  present.  According  to  MIL-STD-220A,  EMI/RFI  power-line  filters  must  have  at  least  100  dB  of 
attenuation  (with  a  50-ohm  load)  for  frequencies  exceeding  14  kHz.  Most  manufacturers  will  guarantee 
100  dB  of  attenuation  for  frequencies  greater  than  14  kHz.  However,  for  frequencies  in  between  60  Hz 
and  14  kHz,  no  measure  of  attenuation  is  asserted.  Since  this  region  contains  most  of  the  harmonic 
disturbances  in  a  system,  attenuation  in  this  spectrum  should  be  addressed.  Also,  standards  are  needed 
to  ensure  that  attenuation  in  this  region  is  maintained. 

The  EMI/RFI  filters  are  of  the  lowpass  filter  design  and  are  made  primarily  of  passive  components. 
These  capacitors  and  inductors  tend  to  be  large  to  meet  ratings  requirements.  When  a  designer  chooses 
to  use  such  components,  the  parasitic  elements  (lossy  or  resistive  elements  associated  with  the 
components)  are  not  normally  taken  into  consideration.  This  is  because  their  behavior  at  60  Hz  is  not  a 
significant  factor  and  can  be  ignored.  However,  in  the  harmonic  frequency  range  of  180  Hz  to  3  kHz, 
these  parasitics  play  a  potentially  substantial  role  in  power  losses  in  the  filter.  This  is  one  reason  they  are 
necessary  for  a  realistic  model.  Further,  at  high  frequencies  these  parasitic  elements  dominate  the  behavior 
of  the  filter. 

Experiments  were  performed  on  two  brands  of  filters.  The  first  filter  tested  was  part  number 
ARK30,  manufactured  by  ARK  Electronics  Corporation.  This  filter’s  schematic  diagram  is  shown  in 
Figure  5.  This  filter  provides  100  dB  of  attenuation  from  14  kHz  to  10  GHz,  and  it  is  rated  at  30  Amps, 
277-Vac  line-to-neutral,  and  480-Vac  line-to-line.  Three  identical  filters  were  purchased  and  mounted  in 
a  common  enclosure  to  provide  3-phase  filtering  capability.  The  other  filter  tested  was  a  FSRY10B3 
Filtron  filter.  This  filter  provides  100  dB  of  attenuation  from  14  kHz  to  10  GHz,  and  it  is  rated  10  Amps, 
0-277-Vac  line-to-neutral,  and  480- Vac  line-to-line.  This  filter  is  a  3-phase  filter,  but  it  is  simply  a  cabinet 
containing  single-phase  filters.  The  schematic  for  one  of  the  single-phase  filters  is  shown  in  Figure  6. 
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Figure  5.  Schematic  of  ARK  Filter. 
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Figure  6.  Schematic  of  Filtron  Filter. 


Experimental  Apparatus 

The  experimental  apparatus  is  shown  in  Figure  7.  The  filters  were  connected  to  a  480- Vac  supply 
through  a  safety  switch  on  one  side,  and  to  either  a  motor  starter  or  ASD  on  the  other.  A  class  3140 
safety  switch  connected  either  the  motor  starter  or  the  ASD  to  the  10-hp  induction  motor. 

The  ASD  was  a  Parajust  Gx,  manufactured  by  ASEA  Brown  Boveri  in  1989.  It  is  rated  460  Vac. 
60  Hz,  14.6  amp,  3-phase,  and  provides  an  output  of  0-460  Vac.  0-180  Hz,  3  phase,  at  a  maximum  of  17 
Amps  continuous.  The  motor  starter  was  a  NEMA  size  1  starter  with  B22  thermal  overloads.  The  motor 
is  a  Gould/Century  unit  rated  at  10  hp,  460  Vac,  13.5  Amps,  and  3  phase  at  1750  RPM. 

The  data  acquisition  system  is  shown  in  Figure  8.  The  Filtron  filter  was  instnimented  with  three 
type  T  thermocouples,  model  TMTSS-125G  from  Omega  Engineering.  The  thermocpules  were  attached 
directly  to  components  Cl,  C2.  and  LI  (Figure  6).  These  thermocouples  arc  rated  at  425  °F.  An 
additional  type  T  thennocouple,  model  SAl-T  from  Omega  Engineering,  rated  at  500  °F  measures  the 
temperature  of  the  filter’s  case.  Data  acquisition  and  logging  were  performed  using  an  IBM  PC/AT 
computer  using  an  80286  microprocessor  and  an  80287  math  coprocessor  running  at  8  MHz.  The 
computer  contains  a  Keithly  Metrabyte  DAS-16F  high-speed,  programmable,  analog-to-digital  converting 
board.  The  board  uses  a  12-bit,  successive-approximation  converter  with  an  8.5  microsecond  conversion 
time  to  achieve  throughput  rates  in  the  100  kHz  range  using  DMA. 

An  MB-01  backplane,  which  accommodates  signal  conditioning  modules,  was  connected  to  the 
DAS-16F  with  a  ribbon  cable.  Two  MB40  signal -conditioning  modules  monitored  currents  on  two  of  the 
three  phases.  These  had  an  input  range  of  +/-100  mV,  an  accuracy  of  +/-0.05  percent  full  scale,  a 
nonlinearity  of  -^/-0.02  percent  full  scale,  and  a  bandwidth  of  10  kHz.  Also  connected  to  the  MB-01 
backplane  were  two  MB41  voltage  input  modules  with  an  input  range  of  +/-10  V,  an  accuracy  of  +!-  0.05 
percent  full  scale,  a  nonlinearity  of  +/-0.02  percent  full  scale,  and  a  bandwidth  of  10  kHz.  These  modules 
monitored  the  line-to-line  voltage  and  the  voltage  drop  across  one  of  the  filters.  Four  MB47  linearized 
type  T  thermocouple  input  modules  were  also  present  on  the  backplane.  These  modules  had  a  -^/-0.05 
percent  full  scale  accuracy  and  a  bandwidth  of  4Hz.  The  data  acquisition  and  logging  software  was 
Labtech’s  Notebook  software  version  6.1.2.  This  software  performs  high-speed  data  acquisition,  data 
logging,  and  FFTs.  The  software  analyzed  the  temperature  of  the  various  filter  components  and  the 
harmonic  content  of  the  filters’  inputs. 

A  Basic  Measuring  Instruments  (BMI)  3030A  Power  Profiler  was  used  to  measure  harmonic  currents 
very  accurately  in  each  phase  by  using  a  current  probe  attached  to  that  phase  and  automatically  printing 
out  the  results.  This  confirmed  the  accuracy  of  the  PC-based  data  acquisition  system. 
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Figure  7.  Experimental  Apparatus. 


Temperature  Results 

The  first  filters  instrumented  were  the  ARK  filters.  The  temperature  rise  was  found  to  be  only  about 
4  °F  in  the  inductor  after  several  hours  with  the  ASD,  and  even  less  in  the  other  components.  The 
temperature  rise  without  the  drive  was  approximately  3  ®F  over  the  same  period.  Because  the  filter  was 
not  mounted  in  a  temperature-controlled  environment,  the  1  °F  difference  was  not  significant,  and  no 
further  testing  or  simulations  were  performed.  Fairly  crude  modeling  and  power-loss  measurements 
showed  no  significant  difference  between  the  two  cases. 

The  temperature  results  for  the  Filtron  filters  are  shown  in  Figures  9a  and  9b.  Although  the 
temperature  rise  was  not  large  in  either  case,  the  cases  differed  significantly  depending  on  whether 
harmonics  are  present.  Particularly  noteworthy  was  the  temperature  rise  in  the  inductor  in  the  filter,  which 
agrees  with  the  measured  power-loss  values  and  with  the  simulation  results. 


Waveform  and  Power-Loss  Results  for  Filtron  Filter 

The  line-to-line  voltage  waveform  with  the  ASD  engaged  is  shown  in  Figure  10a,  and  the  frequency 
spectrum  is  shown  in  Figure  10b.  The  waveform  with  and  without  the  ASD  are  almost  identical.  It  is 
clear  that  there  is  negligible  voltage  distortion  on  the  line  due  to  the  ASD.  This  is  due  to  the  relatively 
high  short-circuit  current  rating  of  the  distribution  system  compared  to  the  ASD’s  current  demands. 

The  current  through  the  filter  without  the  ASD  is  shown  in  Figure  11a,  and  the  corresponding 
harmonics  spectrum  is  shown  in  Figure  11b.  Although  the  waveform  appears  significantly  distorted,  the 
amount  of  harmonics  present  is  quite  low,  with  the  largest  single  component  being  the  17**’  harmonic,  with 
a  magnitude  of  0.25  percent  of  the  fundamental.  This  confirms  the  assumption  that,  without  the  ASD, 
the  filter  sees  a  linear  load,  namely  the  10-hp  induction  motor.  Figures  12a  and  12b  show  the  voltage 
drop  across  the  filter  for  the  same  conditions.  The  waveform  appears  considerably  richer  in  harmonic 
content.  The  fre^ency  spectrum  shows  considerably  more  harmonics,  with  significant  harmonic  content 
in  the  3"*,  5***,  13^,  15*",  and  I?'**  harmonics.  This  indicates  significant  voltage  drop  at  frequencies  other 
than  60  Hz.  The  power  dissipation  spectrum  in  the  filter  without  the  ASD  is  shown  in  Figure  1 3.  The 
corresponding  time-domain  plot  is  omitted  because  of  the  large  number  of  high-frequency  components 
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makes  visual  interpretation  impossible.  The  measured  average  power  dissipation  for  this  case  was  21.4 
Watts. 

The  corresponding  plots  for  the  filter  with  the  ASD  in  the  system  are  shown  in  Figures  14a,  14b. 
15,  and  16.  Figure  14b  shows  the  large  amount  of  5*^.  7*^,  ll'*’,  15'*’.  and  17'^  harmonics  present  in  the 
current.  In  Figure  15  (the  voltage  spectrum  across  the  filter  with  the  ASD),  the  magnitude  of  the 
harmonic  components  relative  to  the  fundamental  is  so  large  that  the  y-axis  has  been  scaled  relative  to  the 
largest  harmonic  component,  the  12*^  harmonic.  This  is  in  contrast  with  the  other  spectrum  plots,  where 
component  magnitudes  have  been  shown  as  a  percentage  of  the  fundamental.  Finally,  the  filter-power 
spectrum  with  the  ASD  is  shown  in  Figure  16.  Again,  the  component  magnitudes  are  scaled  relative  to 
the  largest  component,  rather  than  to  the  fundamental.  The  measured  average  power  dissipation  for  this 
case  was  45.4  Watts,  or  212.2  percent  larger  than  the  dissipation  for  the  control  case  without  the  ASD  in 
the  system.  This  number  can  considered  a  typical  upper  limit  for  filter  overheating  due  to  harmonics. 
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Figure  8.  Data  Acquisition  System. 
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Figure  11a.  Filter  Current  Without  ASD. 
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Figure  11b.  Filter  Current  Spectrum  Without  ASD 
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Figure  13.  Filter  Power  Spectrum  Without  ASD. 
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4  THEORY 


Overview 

Heydt  (1987)  and  Subjak  and  McQuilken  (1990)  discuss  overheating  in  equipment  due  to  harmonics, 
but  the  nature  of  these  losses  has  not  been  properly  addressed.  Through  proper  modeling  and  simulation, 
it  can  be  determined  whether  harmonics  in  the  frequency  range  not  specified  by  the  filter  manufacturers 
(60  Hz  <  f  <  14  kHz)  interact  with  parasitics  in  the  filter,  leading  to  extreme  power  losses  and 
proportional  increases  in  heat  as  harmonic  content  increases. 

The  modeling  of  equipment  or  components  can  be  severely  altered  in  the  presence  of  harmonics. 
Models  that  represent  equipment  at  60  Hz  can  be  radically  different  at  harmonic  frequencies.  For  instance, 
the  additional  parasitics  become  important  and  must  be  included  at  increasing  frequencies.  Inductors  and 
capacitors  can  have  as  few  as  three  parasitics  associated  with  them  in  the  harmonic  frequency  spectrum, 
and  they  can  have  radically  different  parasitics  at  even  higher  frequencies.  In  addition,  nonlinear  magnetic 
effects  such  as  those  seen  in  inductors  and  transformers  must  be  modeled  specially.  This  is  typically  due 
to  core  properties  such  as  hyslerisis.  Also,  to  determine  harmonic  effects,  nonsinusoidal  currents  need  to 
be  formulated. 

The  circuit  diagrams  obtained  from  ARK  and  Filtron  for  their  filters  are  shown  in  Figures  5  and  6. 
The  diagrams  show  only  passive  components  (inductors  and  capacitors).  Computer  simulations  were 
performed  on  these  model  to  determine  the  filters’  attenuation  characteristics  at  various  frequencies.  The 
results  of  these  simulations  are  shown  in  Figures  17a  and  17b.  The  filters  attenuated  signals  very  well 
toward  the  upper  end  of  the  frequency  range;  however,  at  frequencies  between  60  Hz  and  1500  Hz  little 
attenuation  was  achieved.  There  is  even  a  range  that  suggests  amplification  of  these  signals.  In  addition, 
even  though  both  filters  met  M1L-STD-220A,  they  responded  very  differently  in  the  range  of  harmonic 
frequencies.  This  suggests  that  their  susceptibility  to  overheating  due  to  harmonics  will  vary  widely,  as 
bom  out  by  experiment. 

A  test  was  performed  under  conditions  similar  to  those  of  MIL-STD-220A  to  determine  the  Filtron 
filter’s  actual  frequency  response.  A  50-ohm  load  was  the  simulated  load,  and  a  variable- frequency  power 
supply  was  the  source.  The  measured  response  for  the  Filtron  filter  is  shown  in  Figure  18.  Although  this 
response  curve  is  much  flatter  than  the  ideal  curve  (note  the  reduced  scale  on  the  y-axis),  it  still  shows 
some  gain  at  harmonic  frequencies.  This  indicates  that  even  a  small  harmonic  presence  in  this  region 
could  lead  to  significant  power  loss. 

The  crucial  difficulty  with  the  schematic  provided  by  the  manufacturer  is  that  the  simulation  based 
on  this  schematic  suggests  zero  real  power  loss  across  the  filter  due  to  the  lack  of  dissipative  components. 
(The  bleeder  resistor  in  the  ARK  filter  has  negligible  power  loss).  Thus,  a  model  of  the  filter  that 
accounts  for  parasitic  elements  and  power  loss  is  needed  to  determine  which  elements  cause  power  loss 
and  where  possible  resonances  exist.  For  these  reasons,  a  significant  amount  of  testing  was  necessary  to 
gather  information  not  available  from  the  manufacturer.  Since  MIL-STD-220A  does  not  specify  filter 
response  in  the  cmcial  range  of  180  Hz  to  3  kHz,  this  information  may  not  even  be  known  by  the 
manufacturer.  Once  a  reasonable  model  of  the  filter  was  constructed,  including  parasitic  elements, 
simulations  could  determine  power  loss  in  the  filters. 


Construction  of  Filter  Model 

A  model  of  the  filter  circuitry  was  determined  in  the  laboratory  by  modeling  both  the  inductors  and 
c^acitors  as  individual  elements.  The  feed-through  capacitors  at  either  end  of  the  filter  were  modeled 
as  simple  capacitors  because  their  resistances  are  very  low  and  cannot  be  accurately  measured.  As  will 
be  seen,  power  loss  across  capacitors  was  not  a  significant  factor  in  the  overall  power-loss  picture. 
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Figure  17a.  Ideal  ARK  Frequency  Response. 


Figure  17b.  Ideal  Filtron  Frequency  Response. 
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Figure  18.  Measured  Filtron  Frequency  Response. 


Filtron  stated  a  capacitance  of  15  pF  for  three  of  the  capacitors  (see  Figure  6).  An  experiment  was 
{jerfotmed  to  test  the  response  of  one  of  these  capacitors  in  the  presence  of  higher  frequencies.  The  model 
shown  in  Figure  19  was  constructed  based  on  this  response,  using  the  output  from  a  Hewlett-Packard 
network-analyzer  test  as  the  framework.  Parasitic  elements  dominate  the  modeling  of  the  capacitor  for 
this  application.  This  is  due  to  the  magnitude  of  the  higher  frequencies  under  testing  and  simulation. 

The  formula  for  voltage  drop  across  an  inductor  is  given  by: 

V,  =Aii  [Eq7] 

^  I  dt 

where  h.  is  the  slope  of  the  hystersis  loop,  the  di/dt  is  the  change  in  the  current  per-unit  time  and  is  time 
rate  of  change  of  the  current  A  hysterisis  test  across  the  inductor  was  performed  with  the  setup  shown 
in  Figure  20.  Once  the  hysterisis  loop  was  determined,  a  method  to  model  this  loop  was  needed.  Wong 
(1988)  suggests  breaking  the  loop  into  segments  and  using  the  exponential  fimction  to  represent  the 
individual  segments  in  the  hysterisis  loop.  The  slope  can  then  be  determined.  Note  that  since  the 
inductance  depends  on  the  hysterisis  loop,  it  is  not  constant.  Calculated  values  h.  for  which  corresponds 
to  the  inductance,  range  from  0.05  mH  to  the  stated  value  of  1.2  mH.  A  dc  tes^  was  also  performed  on 
the  inductors,  yielding  a  value  of  0.14  ohms  as  their  dc  resistance.  A  value  of  4.3  pF  capacitance  was 
determined  after  simulating  the  resonance  point,  which  was  determined  by  sweeping  the  inductor  through 
frequencies  and  measuring  voltage  and  current.  The  final  model  for  the  inductor  is  shown  in  Figure  2 1 . 
Note  that  the  hysterisis  loop  was  used  only  for  calculating  the  inductance;  actual  hysterisis  lossses  were 
not  taken  into  account.  The  nonlinear  nature  of  the  loop  and  the  complexity  of  the  current  waveform 
through  the  filter  under  harmonic  loads  make  calculation  of  hysterisis  losses  difficult. 
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Figure  21.  Final  Model  of  Filtron  Inductor. 


The  overall  filter  model  is  shown  in  Figure  22.  It  is  still  symmetrical  in  nature,  but  with  parasitics 
added  it  looks  very  different  from  the  original  circuit  model. 


Simulation  Results 

A  simulation  of  the  attenuation  characteristics  of  this  model  is  shown  in  Figure  23.  This  response 
shows  characteristics  similar  both  to  the  ideal  model  and  to  the  measured  characteristics.  Again,  there  is 
significant  gain  in  the  harmonic  frequency  range.  The  model  is  valid  only  below  about  3  kHz,  the  limit 
on  the  inductor  model. 

The  next  simulation  performed  on  the  final  Filtron  filter  model  was  to  determine  power  loss  for 
various  frequencies.  One  amp  of  current  was  injected  into  the  filter  model  at  harmonic  frequencies,  and 
simulated  average  power  losses  over  one  period  were  calculated.  The  results  of  this  simulation  are  shown 
in  Figure  24.  It  is  clear  that  large  harmonic  currents  at  the  13'^  or  15'*’  harmonic  result  in  lai^e  power 
losses  in  the  filter — much  larger  than  those  that  result  from  the  same  currents  at  60  Hz.  In  fact,  1  amp 
at  the  is'**  harmonic  will  cause  as  much  power  loss  as  60  Amps  at  60  Hz.  Although  the  losses  are  even 
greater  at  the  14'*’  harmonic,  significant  current  in  a  real  system  at  such  a  high-order,  even  harmonic  is 
rare. 

Finally,  the  filter  was  simulated  using  the  current  spectrum  measured  in  the  experiment  with  and 
without  the  ASD.  TThe  results  of  this  simulation  are  shown  in  Table  2.  The  model  predicts  70  percent 
more  losses  with  the  ASD  than  without.  Note  that  the  major  power  losses  are  in  the  inductor. 
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Figure  23.  Filtron  Modeled  Frequency  Response. 
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Figure  Simulated  Power  Loss  in  Filter  for  1-Amp  Harmonic  Current. 


Table  2 


Simulated  Power  Loss  in  Filter 


Without  ASD 

With  ASD 

Cl 

0  Watts 

0  Watts 

C2 

9.3  nWatts 

9.2  p Watts 

C3 

37  pWatts 

38  p Watts 

LI 

8.6  Watts 

14.8  Watts 

L2 

8.6  Watts 

14.8  Watts 

Total 

17.2  Watts 

29.5  Watts 
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DISCUSSION,  CONCLUSIONS,  AND  RECOMMENDATIONS 


Discussion  of  Results 

The  significant  results  from  the  experiment  and  simulation  are  the  power  losses  in  the  Filtron  filter 
tor  the  case  with  and  without  the  ASD.  Experimentally,  a  loss  of  21.4  Watts  was  measured  without  the 
ASD  and  45.4  Watts  with  the  ASD,  for  an  increase  of  1 12  percent.  The  theoretical  losses  were  17.2  Watts 
without  the  ASD  and  29.5  Watts  with  the  ASD,  for  an  increase  of  72  percent.  The  difference  between 
expxjriment  and  theory  can  be  explained  by  noting  that  the  model  did  not  take  hysterisis  losses  into 
account.  This  was  due  to  the  difficulty  of  accurately  modeling  hysterisis  losses  under  a  complex, 
nonsinusoidal  waveform.  However,  hysterisis  losses  for  a  sinusoidal  signal  are  proportional  to  the 
frequency.  It  is  therefore  expected  that  an  accurate  model,  incorporating  hysterisis  losses,  would  show 
the  same  trends  between  the  linear  and  nonlinear  load  cases  as  the  model  presented  here. 

The  importance  of  the  filter’s  frequency-response  characteristic  in  determining  power  loss  cannot 
be  overstated.  For  example,  even  though  the  60  Hz  current  through  the  filter  is  large  with  the  ASD 
(Figure  14h),  the  power  loss  at  60  Hz  (Figure  16)  is  small  due  to  the  filter’s  characteristics.  The  large 
peak  in  the  power  spectrum  around  the  15'^  harmonic  is  due  more  to  the  filter’s  characteristics  (Figure 
24)  than  to  the  magnitude  of  harmonic  current  demanded  by  the  load.  In  fact,  the  15‘^  and  17'*’  harmonics 
present  in  the  current  and  voltage  spectrums  without  the  ASD  (Figures  1  lb  and  12b)  are  probably  due  to 
nonlinearities  within  the  filter.  The  difficulty  is  that  the  real  respon.se  characteristic  cannot  be  deduced 
cither  from  M1L-STD-220A  or  from  the  manufacturer’s  published  data  on  the  filter.  It  can  be  obtained 
only  by  direct  testing  under  harmonic  loads  or  by  simulations  based  on  models  including  effects  due  to 
parasitic  and  lossy  components.  Attempting  to  use  a  response  curve  based  on  the  manufacturer’s 
component  values,  such  as  Figure  17,  results  in  no  power  lo.ss  and  in  absurdly  large  voltage  gains  at 
harmonic  frequencies. 

Another  significant  result  is  the  difference  between  the  Filtron  filter  and  the  ARK  filler.  Even 
though  both  filters  meet  the  same  standard,  MIL-STD-220A,  and  even  though  both  are  available  for  the 
same  applications,  they  show  significantly  different  response  characteristics  in  the  crucial  frequency  range 
of  180  Hz  to  3  kHz.  This  difference  results  in  significantly  higher  heating  effects  in  the  Filtron  filter  for 
the  particular  harmonic  spectrum  produced  by  the  experimental  apparatus.  It  is  important  to  note  that  for 
a  different  spectrum,  the  ARK  filter  might  show  significantly  more  heating  than  the  Filtron  filter.  The 
power  loss  in  the  filter  is  a  complex  function  of  the  filter’s  response  characteristic  (including  parasitic 
elements),  and  the  harmonic  current  spectrum. 


Conclusions 

EMl/RFI  filters,  as  currently  rated  and  .specified  under  MIL-STD-22()A,  are  susceptible  to 
overheating  under  harmonic  loads.  The  magnitude  of  this  heating  is  a  function  of  the  harmonic  current 
spectrum  and  the  filter’s  frequency  response  and  power-loss  curve,'  in  the  range  of  180  Hz  to  3  kHz. 

In  practice,  the  harmonic  current  spectrum  is  poorly  known,  and  the  filter  response  characteristic 
is  not  known  at  all.  It  is  not  suffeient  to  rely  on  the  published  filler  response  curve  or  schematic  provided 
by  the  manufacturer,  unless  the  manufacturer  specifically  states  that  the  information  includes  parasitic 
elements  and  loss  mechanisms,  such  as  harmonic  frequency  core  saturation,  that  only  become  significant 
(show  nonlinear  effects)  when  large  currents  arc  present  in  the  range  of  180  Hz.  to  3  kHz. 

The  effects  of  some  harmonics  are  potentially  much  more  harmful  than  others.  Thus.  THD  and 
TDD  alone  cannot  predict  with  any  degree  of  certainty  the  level  of  power-loss  increase  or  decrease. 
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Recommendations 


On  existing  systems,  the  installer  will  derate  filters  by  50  percent.  This  means  that  individual  per- 
phase  currents  on  existing  filter  installations  will  be  measured  to  ensure  that  they  do  not  exceed  50  percent 
of  the  rated  nameplate  of  the  manufacturer’s  product.  On  new  installations,  the  installer  will  increase  the 
size  of  the  filter  by  a  factor  of  2  over  the  standard  full-load  current  of  the  installation.  The  installer  will 
request  the  manufacturer’s  test  for  saturation  of  the  inductors  under  normal  60-Hz  power  currents,  and 
under  60-Hz  power  currents  containing  20  percent  harmonic  distortion  in  the  third  and  fifth  harmonic 
currents.  This  information  will  remain  at  the  installation  for  review  during  periodic  monitoring. 

To  verify  the  safe  operation  and  continued  effectiveness  of  EMI/RR  filters,  the  installer/operator 
of  the  site  will  monitor  on  a  periodic  basis  as  follows: 

1 .  Measure  at  least  once  every  6  months  with  a  true  rms  amp  meter  to  verify  that  the  total  rms  currents 
in  the  power  circuit  are  no  greater  than  50  percent  of  the  filter  rating. 

2.  Perform  a  harmonic  analysis  at  least  every  3  years,  OR  when  power  quality  problems  are  suspected. 
OR  when  significant  amounts  of  equipment  are  added  to  the  load,  OR  when  significant  changes  are 
made  to  the  distribution  system  feeding  the  filters. 

3.  Monitor  the  filter’s  temperature  at  least  once  every  6  months.  If  overheating  is  apparent,  take 
measurements  at  least  every  6  months  and  compare  with  the  manufacturer’s  test  resutls  for  60  Hz 
undisturbed,  full-load  operation. 

4.  Apply  recommended  harmonic  mitigation  techniques  when  the  load  currents  show  harmonics  in 
excess  of  20  percent  of  rated  current  in  either  the  third  or  the  fifth  harmonic,  or  harmonics  in  excess 
of  10  percent  for  any  higher  harmonic.  These  mitigation  techniques  also  should  be  considered 
where  the  harmonic  currents  exceed  the  above  percentages  relative  to  the  fundamental  current, 
particularly  if  further  load  growth  is  anticipated.  Remonitor  after  installation  of  these  mitigation 
devices  to  verity  return  to  an  undisturbed  60-Hz  operation. 

5.  If  temperature  rise  measured  in  item  3  above  shows  greater  than  fully  rated  temperature  rise  while 
the  system  is  operating  at  50  percent  load  currents,  then  measure  the  leakage  of  the  filter  capacitors 
to  ground  and  compare  this  with  the  filter  manufacturer’s  recommendations.  This  can  be  accom- 
pli.shed  by  a  dc  ohms  reading,  line  to  ground,  with  the  filter  de-energized. 

When  monitoring  techniques  as  indicated  above  reveal  excessive  harmonic  currents  requirements 
in  the  power  circuit  (20  percent  fundamental  levels),  the  installer/operator  will  install  harmonic  mitigation 
devices  to  relieve  the  power  system  of  any  high-frequency  contribution.  This  will  protect  the  EMI/RR 
filter  from  high-frequency  damage.  The  recommended  form  of  mitigation  will  be  a  harmonic  trap  tuned 
to  the  lowest  predominant  frequency  and  consisting  of  a  shunt-connecteo  series  inductor/capacitor 
assembly.  After  this  modification  has  been  placed  at  the  input  to  the  existing  equipment  containing  har¬ 
monic  distortion,  the  installcr/operator  will  verify  that  the  power  line  has  returned  to  a  60-Hz.  undi.sturbed 
current  condition. 
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